Abstract This guideline for the investigation and initial treatment of atypical hemolytic uremic syndrome (HUS) is intended to offer an approach based on opinion, as evidence is lacking. It builds on the current ability to identify the etiology of specific diagnostic sub-groups of HUS. HUS in children is mostly due to infection, enterohemorrhagic Escherichia coli (EHEC), Shigella dysenteriae type 1 in some geographic regions, and invasive Streptococcus pneumoniae. These sub-groups are relatively straightforward to diagnose. Their management, which is outside the remit of this guideline, is related to control of infection where that is necessary and supportive measures for the anemia and acute renal failure. A thorough investigation of the remainder of childhood HUS cases, commonly referred to as "atypical" HUS, will reveal a risk factor for the syndrome in approximately 60% of cases. Disorders of complement regulation are, numerically, the most important. The outcome for children with atypical HUS is poor, and, because of the rarity of these disorders, clinical experience is scanty. Some cases of complement dysfunc-
tion appear to respond to plasma therapy. The therapeutic part of this guideline is the consensus of the contributing authors and is based on limited information from uncontrolled studies. The guideline proposes urgent and empirical plasmapheresis replacement with whole plasma fraction for the first month after diagnosis. This should only be undertaken in specialized pediatric nephrology centers where appropriate medical and nursing skills are available. The guideline includes defined terminology and audit points so that the early clinical effectiveness of the strategy can be evaluated.
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Purpose and scope of the guideline
The guideline describes a clinical pathway for cases of hemolytic uremic syndrome (HUS) and is intended to offer an approach based on opinion, as evidence is lacking. It is designed to streamline the recognition of those cases of HUS that have etiologies other than enterohemorrhagic Escherichia coli (EHEC), Shigella dysenteriae type 1 or Streptococcus pneumoniae infection: commonly called "atypical" HUS. It addresses the question "How should I investigate and treat a new patient with atypical HUS?" It offers a standardized, comprehensive and evidence-based approach to investigation in order to maximize the ability to reach a sub-group diagnosis based on causation. The therapeutic component of the guideline is based on expert consensus, because evidence is lacking. It applies to the first month of treatment and standardizes the dosage of plasmapheresis. It defines clinical endpoints and indicates audit measures.
Classification/terminology based on causation
HUS is clinically recognized by the simultaneous occurrence of microangiopathic hemolytic anemia, thrombocytopenia (platelets typically < 150×10 9 /l) and acute renal failure. The classification and terminology used in this guideline, "Classification of HUS, thrombotic thrombocytopenic purpura (TTP) and related disorders" is set out in detail in the report of the European Paediatric Research Group for HUS published in 2006 [1] and is summarized in Table 1 .
The intention is to investigate patients appropriately so as to identify an etiologically based sub-group diagnosis wherever possible, i.e. Box 1 in the scheme tabled above. It is now recognized that the condition of some patients, that, hitherto, would have been described only by a clinical association (Box 2), can now be more precisely defined. Full investigation, sometimes done retrospectively, can move the diagnosis from the generally unsatisfactory level of clinical association to a meaningful etiology. Note that cases with a deficiency of a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13 (ADAMTS13) (von Willebrand factor protease) may present initially as HUS, although this is rare, and they more usually have the phenotype of TTP. Patients with ADAMTS13 deficiency have an established therapy, which is outside the scope of this guideline [2] .
Guideline
Step 1: screen new HUS patients according to clinical presentation Figure 1 illustrates step 1 of the guideline. Following the recognition of HUS, cases should be assigned to one of the three clinically recognizable patterns of presentation indicated in Fig. 1: (a) Children older than 6 months presenting with diarrhea or bloody diarrhea. These require investigation to determine the cause of gastrointestinal infection, using methods that are relevant to the EHEC or Shigella dysenteriae type 1 of the local region. as the kidney [7, 8] . The role of drugs, especially calcineurin inhibitors, has been suspected but not proven [9] . HUS in a kidney-transplant patient raises the question of a host risk factor, whether or not the original cause of the patient's end-stage renal failure was known to be HUS. 4. Two patterns of familial HUS occur. In an outbreak of EHEC infection family members may develop HUS, either simultaneously (common source of infection) or a few weeks apart (secondary spread). These families do not require investigation beyond confirmation of the EHEC infection. By contrast, families with asynchronous HUS are very likely to have inherited risk factors and require full investigation. 5. EHEC infection can cause HUS without diarrhea [4] .
Also, EHEC urinary tract infection can induce HUS [10] . Always use microscopy and culture a urine sample. Use locally developed public health/microbiological services to identify the EHEC. This may include stool culture, ± enhancement and selection techniques, ± gene probes for verocytotoxin (VT) subtypes, serotyping of Consider combined host and environmental factors, i.e. more than one aetiology is possible
Go to steps 2 and 3, below Fig. 1 Step 1 of the guideline. Recognition of atypical HUS. Superscript numbers refer to notes to step 1 the identified coliform organism, serological response to locally relevant O serotypes [11, 12] .
Step 2: investigate according to the recommendations in Table 2 The condition of children identified as having atypical HUS in step 1 should be fully investigated, using the comprehensive list of tests in step 2 of the guideline (Table 2) . Because EHEC-induced HUS is common and unusual presentations can occur, it is important to conduct locally relevant investigations for EHEC in addition to those in Table 2 (see Fig. 1 , note 5). For example, EHEC infection in the urinary tract occurs rarely and should be considered. If Escherichia coli is cultured from a urine sample it should be investigated for EHEC properties. If EHEC infection is confirmed in a patient who presented without diarrhea, the probability of a co-existing inherited risk factor such as complement dysregulation is much reduced, but not negated.
Step 2 of the guideline is recommended. Some of the investigations in Table 2 are highly specialized and, until recently, were undertaken only as part of research activity. Increasingly, they are being offered as an accredited diagnostic service. A list of laboratories that provide diagnostic assistance is given in Appendix 1.
Notes to step 2
1. If C3 level is low, this indicates complement dysregulation, but C3 levels may be normal in patients with dysregulation. A normal result does not exclude a complement disorder [13] . 2. Factor H and factor I plasma concentrations may be normal in cases with mutations [13] . 3. Mutation analysis of all the above factors should be undertaken, irrespective of C3 or factor H levels, particularly before transplantation is considered. A list of laboratories with special service or research interest in complement regulation and their contact details appears in the appendix. 4. ADAMTS13 deficiency generally does not present as HUS but as thrombotic thrombocytopenic purpura (TTP). Congenital deficiency, Upshaw-Schulmann syndrome, occurs either in the neonatal period or later in childhood, and an acquired form due to anti-ADAMTS13 antibodies occurs in adolescence. Since the condition of these patients may present as HUS, investigation of ADAMTS13 activity is indicated. A list of laboratories with special service or research interest in ADAMTS13 appears in the appendix. The further management of these cases lies outside the remit of this guideline.
Step 3: treatment This step, outlined in Fig. 2 , makes recommendations for the treatment of patients identified as having atypical HUS from step 1. It relies on the observation that disorders of complement regulation are numerically the most likely etiologies [1] . Expert consensus holds that most patients in this group benefit from plasmapheresis. Because it takes Table 2 Step 2 of the guideline. Recommended list of investigations for patients identified as having atypical HUS in step 1. Superscript numbers refer to the notes to step 2. ADAMTS13 a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13, vWFcp von Willebrand factor cleaving protease, HIV human immunodeficiency virus, HELLP hemolysis, elevated liver enzymes, low platelet count, MCP membrane co-factor protein, FACS fluorescence-activated cell sorter, MMACHC methylmalonic aciduria and homocystinuria type C protein Classification (see boxes 1 and 2) Investigation Table 2 Step 2 of the guideline. Recommended list of investigations for patients identified as having atypical HUS in step 1. Superscript numbers refer to the notes to step 2. ADAMTS13 a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13, vWFcp von Willebrand factor cleaving protease, HIV human immunodeficiency virus, HELLP hemolysis, elevated liver enzymes, low platelet count, MCP membrane co-factor protein, FACS fluorescenceactivated cell sorter, MMACHC methylmalonic aciduria and homocystinuria type C protein time to complete the investigations that lead to a diagnostic sub-group, initial treatment is necessarily empirical. Moreover, because atypical HUS is a destructive disorder, and up to a quarter of children progress to end-stage renal failure in their first episode [14, 15] , the guideline indicates that treatment should be started urgently, that is to say, within 24 hours of diagnosis of atypical HUS. This step does not apply to patients in whom EHEC infection is confirmed.
Notes to step 3
1. Plasmapheresis is a highly technical and complicated treatment. Vascular access and plasma exchange should only be undertaken in a specialized pediatric environment by staff competent with the procedures [16] . Plasma exchange may be by plasma filtration or centrifugal separator, according to local practice and expertise, and should use local practice for anticoagulation of the extracorporeal circuit. The first plasma exchange should be instituted as soon as it is practicable after the diagnosis of atypical HUS, and once the child's condition has been stabilized with regard to hydration, electrolyte disturbance, anemia and blood pressure.
Exchange 1.5-times the expected plasma volume, which is equivalent to between 60 ml/kg body weight and 75 ml/kg body weight. Replace plasma with whole plasma fraction, either virus-inactivated pooled plasma (e.g. Octaplas®) or individual units of fresh frozen plasma from screened donors [17] . The risk of transmission of viruses and prions can be reduced by the choice of plasma source, but it cannot be eliminated, and patients and parents must be fully informed of the potential risks and benefits. Plasma exchange should be performed daily for 5 days, then five times a week for 2. Exceptions. There are some occasions when clinicians may elect not to use this empirical guideline.
(a) where the effect of an alternative treatment can be anticipated. For example, HUS in a sibling of a patient with congenital ADAMTS13 deficiency is likely to have the same diagnosis and might be expected to respond to plasma infusion 10 ml/kg per day. (b) where the clinical presentation strongly suggests early onset cobalamin-C disorder (feeding difficulty, failure to thrive, hypotonia, lethargy, leukopenia and megaloblastic anemia). (c) where there are technical difficulties in achieving vascular access in small children. (d) where the clinician considers that the risks of plasmapheresis outweigh the benefits in a child with apparently mild renal involvement and conserved urine output, in which case the decision might be deferred. However, clinicians should be aware that thrombotic microangiopathy is a destructive process, and that, in the few reported patients with factor H mutations in whom plasma therapy appeared successful, treatment had been started before there was renal impairment [19] [20] [21] [22] .
3. Withdrawal from the guideline. Patients can be withdrawn from the intensive plasma exchange regime before 1 month on the advice of the local physician if:
(a) an alternative diagnosis is reached where the condition is not expected to respond to plasma therapy, for example cobalamin-C disorder. Fig. 2 Step 3 of the guideline. Recommendations for the treatment of patients identified as having atypical HUS from step 1. Superscript numbers refer to notes to step 3 (b) a diagnosis of congenital ADAMTS13 deficiency is made, in which case guidelines for TTP should be followed [2] . (c) there are complications or side effects of plasma exchange that necessitate the withdrawal of treatment. (d) the patient enters a hematological remission (see below). In this case ongoing treatment needs to be planned in the knowledge of the cause of HUS.
Step 4: defining patient outcome
The end-point for determining early outcome has been set arbitrarily at 1 month (to be precise day 33). The guideline does not address ongoing active treatment in patients who appear to have remission from their disease, nor does it advise on what action to take in patients who have failed to respond at the end of the first month. The authors recognize that, for some patients, the etiological sub-group diagnosis may not be available at that time.
We propose that a clinical record of each patient's outcome be made, using the following terminology:
Hematological remission is defined as a platelet count >150×10 9 
/l for 2 weeks and no signs of hemolysis [fragmented red cells, elevated lactic dehydrogenase (LDH) level]. This definition is independent of renal function.
Hematological relapse of HUS is defined as a return of microangiopathic hemolytic anemia and thrombocytopenia after these parameters have normalized for a period of a least 2 weeks.
Renal function is graded under three levels for simplicity: renal failure requiring dialysis, renal impairment, in which there is independent kidney function but plasma creatinine level is elevated for age or glomerular filtration rate (GFR) <80 ml/min per 1.73 m 2 body surface area (BSA) by the Schwartz formula or a formal clearance assay, and normal in which plasma creatinine level is appropriate for age or GFR ≥80 ml/min per 1.73 m 2 BSA. Proteinuria should be assessed as a numerical variable, protein/creatinine ratio on first-voided urine sample in the morning.
Blood pressure should be assessed as a numerical variable and expressed as a centile factored for age and gender [23, 24] . In addition, if antihypertensive therapy is used, the number of different antihypertensive drugs should be stated.
Step 5: audit Because of the rarity of these diseases, audit can only be undertaken on a multi-center, national or international basis. For this to happen there needs to be a standardized approach to management and a common terminology to describe diagnostic sub-groups and their outcomes. With this in place, audit should be capable of clarifying the expected outcome of children with atypical HUS, a necessary basis on which to design future therapeutic trials.
Audit should address the following points Various registries exist that collate etiological and outcome data of children with atypical HUS. Every attempt should be made to invite patients to participate in such registries. Registries should be prepared to collaborate, to expedite answers to the audit questions outlined above. Information about current registries is given in Appendix 2
Discussion
Until recently, it was not possible for clinicians to identify the cause of atypical HUS unless supported by a research laboratory. Today, specialized tests, including genetic analyses, are being rolled out as diagnostic services, and, although they are expensive, it is feasible and necessary that patients be fully investigated according to the plan described in step 2. Evidence from disease registries indicates that a risk factor or sub-group diagnosis will be identified in approximately 50% of cases not associated with diarrhea, or enterohemorrhagic E. coli, or invasive pneumococcal infection [14, 15] .
The benefit to patients of obtaining an etiological diagnosis is expected to translate into better clinical advice and treatment, although the evidence for this, at present, is theoretical, anecdotal or lacking (see below). Moreover, in the first weeks after presentation, clinicians usually will not have the results of definitive investigations such as genetic tests, but plasma concentrations of complement factors and ADAMTS13 activity are likely to be available sooner. Clinicians, therefore, have to decide empirically about initial treatment, and there is currently no standardized approach.
There is a precedent for an empirical approach. It is widely quoted that the mortality of TTP has been reduced from 90% to approximately 10% with plasma therapy [25] . Only later was this given theoretical justification with our understanding of the role of ADAMTS13 deficiency in the pathogenesis of TTP.
Complement regulatory abnormalities, either inherited or acquired through autoantibodies, are frequent causes of atypical HUS [14] . The historic rates of mortality and morbidity of this group are high [6] . Anecdotally, prompt plasma exchange or plasma infusion has been associated with remission [19] [20] [21] [22] [26] [27] [28] [29] . Specifically for factor H-related cases, there are reports of five children with homozygous or compound heterozygous deficiency in whom the effects of plasma infusion have been described [21, 22, 26, 27, 29, 30] . All showed early benefit, with a plasma dose range of 12-20 ml/kg body weight given up to three times per week. However, the disease in one child became refractory to this regime [27] . It should also be noted that repeated plasma infusion is limited for patients who are oligoanuric, because of the risk of volume overload. There are three patients with heterozygous factor H mutations for whom the effects of plasma therapy have been described [19, 20] . One, treated with regular plasma infusion, developed hyperproteinemia necessitating plasma exchange. Another received regular plasma exchange after transplantation and maintained graft function in spite of HUS recurrences. Davin et al. [19] reported monozygous twins who had responded to plasma exchange, but the first twin, who was reduced to regular plasma infusion, progressed to end-stage renal failure. The second twin, maintained on plasma exchange every 2 weeks, retained normal function. Although there are data on the effects of plasma therapy in two retrospective patient cohorts, one of which includes adults, there is insufficient detail of the plasma regime for conclusions to be drawn about benefit [14, 15] .
The rationale for plasma treatment is to replace absent or mutated circulating complement regulators, such as factor H. However, the pathogenesis of HUS induced by factor H mutation is incompletely understood. Many mutations are heterozygous, suggesting either a dominant negative effect or haplotype insufficiency. Plasma infusion is likely to overcome the latter but not the former. The dose of factor H needed to correct complement regulation where it matters, presumably on endothelial surfaces in the kidney, is unknown. The halflife of factor H in plasma is approximately 6 days [21] , but this may not be relevant in the accelerated site-specific complement activation that underlies HUS.
Patients with isolated MCP (CD46) dysfunction do not appear to benefit from plasma therapy [14, 15] . This may be because MCP is a membrane-bound complement regulator, not a circulating one, and there is a high spontaneous remission rate. Little is known about the role of plasma therapy for other forms of complement dysregulation. HUS has been reported in patients with autoantibodies to factor H [31] . In theory, plasma exchange might be expected to remove the autoantibody and provide additional factor H.
Similarly, mutated factor B that permits excessive complement activation [32] might be removed by plasma exchange.
We estimate that, in order for one patient in group 1.ii. (disorders of complement dysregulation) to be treated with what is proposed to be an effective treatment, on average 1-2 patients will be treated who do not have these diagnoses or might be expected not to benefit.
Plasmapheresis is not without risk [16] . The justification for urgent treatment at a stage when the etiological diagnosis is unknown can only be made on the high risk of early death, irreversible kidney damage or risks associated with prolonged disease activity (dialysis, blood transfusion, etc.) in this group as a whole [14, 15] . Given that contemporary patients are usually offered plasma therapy of various doses and duration, the natural outcome of untreated cases is unknown. Historic controls may not be informative because of improvements in the general supportive care of children with acute renal failure.
The therapeutic recommendation of this guideline is, therefore, a balanced judgment that relies heavily on the experience of the authors. It is not a research proposal, as there is no equipoise for a comparative treatment. However, a standardized approach to diagnosis and management lends itself to prospective audit, which, in the authors' view, is obligatory. There are various national and international registries of HUS that are capable of undertaking this. Standardization now is important, because alternative treatments, such as complement factor H concentrate, synthetic complement regulators and antibodies against complement effector proteins such as C5a, are likely to be available in the near future and will need to be tested against a standard [33] . This guideline should, therefore, serve for only a limited time, probably not more than 3 years from publication.
Treatment beyond the first month from presentation is outside the remit of the guideline.
Appendices

Appendix 1. Laboratories providing specialized investigation
Note, clinicians requiring to know the accreditation status of any of the following laboratories should obtain current information from the contacts named below.
Complement studies Service d'Immunologie Biologique, Hopital Europeén George Pompidou, 20-40 rue Leblanc, 75908 Paris cedex 15, France.
An expert complement laboratory that undertakes the measurement of factor H, factor I, factor B, MCP surface expression on mononuclear leukocytes, anti-factor H antibodies. Results provided within 1 week. In addition, full mutation analyses of factor H, factor I, MCP, factor B and C3 are performed. Results of genetic screening provided within 3 months. There is a charge for this.
For advice contact Dr. Veronique Fremeaux-Bacchi; Email: veronique.fremeaux-bacchi@egp.aphp.fr
The Northern Genetics Service, Institute of Human Genetics, Newcastle upon Tyne Hospitals NHS Foundation Trust, International Centre for Life, Newcastle upon Tyne, NE1 3BZ, UK.
An accredited genetic diagnostic service that provides mutation screening of factor H, factor I and MCP, as well as identification of the CFH::CFHR1 hybrid and copy number of CFHR1 and CFHR3. Serum levels of C3, C4, factor H and factor I are measured simultaneously in an accredited diagnostic immunology laboratory. There is a charge for both services. The service is linked to the Institute of Human Genetics, University of Newcastle, which is active in researching the genetic aspects of complement regulation in HUS.
For These are research laboratories expert in complement genetics and functional analysis relevant to HUS. They offer measurements of C3, factor H, factor I, factor B, MCP (on peripheral blood leukocytes), anti-factor H antibodies and functional assays for factor H. They also provide services for the mutational analysis of CFH, CFI, MCP (CD46), CFB and C3; for the genotyping of polymorphisms associated with increased HUS risk in the CFH and MCP genes; for the identification of CFH::CFHR1 hybrid genes, and they analyze for the CFHR1-CFHR3 deletion. Results are provided within 2 months. There is a charge for these services. Clinicians are asked to supply clinical details of patients.
For Expert laboratory with ability to identify protease activity and the presence of inhibitors. Charges apply for diagnostic tests outside agreed research projects.
Sample requirement: either citrated blood shipped immediately, or double spin at 2,000 g and divide plasma into aliquots (minimum plasma for assay 2×0.5 ml), freeze at −70°C and send on dry ice. Samples must arrive before 5 pm Monday-Friday (avoid public holidays!) with a request form available from either Dr. Ian Mackie or Gordon Purdy. Phone +44-20-7679 6416/6423 before sending sample to ensure that it is processed. E-mail: i. Mackie@ucl.ac.uk or g.purdy@ucl.ac.uk University Medical Center Hamburg-Eppendorf, Department of Pediatric Hematology and Oncology, Molecular Genetics Laboratory, Martinistrasse 52, 20246, Hamburg, Germany
The laboratory provides molecular genetic investigation of ADAMTS13 on a routine basis. Results are usually available within 2 months. Genetic studies on von Willebrand factor are also performed to identify possible "ADAMTS13 resistance" mutations of VWF in particular cases. New mutations are expressed on a research basis. Charges apply, but at a reduced rate for institutions. ADAMTS13 activity testing is available by the fluorescence resonance-energy transfer (FRET) assay.
For advice contact Prof. Dr. Reinhard Schneppenheim; Email: schneppenheim@uke.de or Florian Oyen: Email: f. oyen@uke.de
